The Voyager 2 cosmic ray experiment observed intense electron fluxes in the middle magnetosphere of Uranus. High counting rates in several of the solid-state detectors precluded the normal multiple coincidence analysis used for cosmic ray observations, and we have therefore performed laboratory measurements of the single-detector response to electrons. These calibrations allow a deconvolution from the counting rate data of the electron energy spectrum between energies of about 0.7 and 2.5 MeV. We present model fits to the differential intensity spectra from observations between L values of 6 and 15. The spectra are well represented by power laws in kinetic energy with spectral indices between 5 and 7. The phase space density at fixed values of the first two adiabatic invariants generally increases with L, indicative of an external source. However, there are also local minima associated with the satellites Ariel and Umbriel, indicating either a local source or an effective source due to nonconservation of the first two adiabatic invariants. For electrons which mirror at the highest magnetic latitudes, the local minimum associated with Ariel is radially displaced from the minimum L of that satellite by 4}.5. The latitude variation of the satellite absorption efficiency predicts that if satellite losses are replenished primarily by radial diffusion there should be an increasing pitch angle anisotropy with decreasing L. The uniformity in the observed anisotropy outside the absorption regions then suggests that it is maintained by pitch angle diffusion. The effective source due to pitch angle diffusion is insufficient to cause the phase space density minimum associated with Ariel. Model solutions of the simultaneous radial and pitch angle diffusion equation show that the displacement of the high-latitude Ariel signature is also consistent with a larger effective source. This source may be created by inelastic scattering, leading to diffusion in energy as well as pitch angle.
INTRODUCTION
phase space densities [Cooper and Stone, 1991] . In this paper we
The radiation belts of the outer planets Jupiter, Samm, Uranus consider the CRS response to electrons with kinetic energy and Neptune have now been explored quite extensively by the >_ 1 MeV based on new calibrations and present results which
Pioneer and Voyager spacecraft. The data have been particularly apply to a region extending from inside the orbit of Ariel to interesting with regard to the interaction of the trapped radiation outside the orbit of Umbriel.
The Voyager cosmic ray system includes two high-energy telescopes, four low-energy telescopes and one electron telescope (TET). Each was optimized for sensitivity to the low fluxes of interplanetary cosmic rays. For a complete description see Stone et al. [1977] . The interplanetary data are analyzed by requiting simultaneous observations of a given event in two or more detectors within a given telescope, leading to a unique identification of each analyzed event. The high magnetospheric electron fluxes generally lead to a high rate of accidental [1991] . are described in the appendix. We will discuss results from the electron telescope which There are two types of data from D1. The integral counting provided the greatest sensitivity to electrons. A schematic rates are formed by integrating N(E) over all energies, E, above drawing of the eight solid-state detectors within TET is shown in the electronic threshold of E = 0.5 MeV. The pulse height Figure 1. They provide sensitivity to different energy ranges analyzed (PHA) data are formed by integrating N(E) over the because of the varying amount of passive shielding an electron energy range of each analyzer channel (which have widths of must penetrate to reach the different detectors. The D1 detector about 20 keV). The integrations lead to integral response has the least amount of passive shielding due to its location at the functions, Ri(E',O), where i labels the channel number. By front of the telescope. Therefore D1 was most responsive to including the entire energy range applicable to the integral lower energy electrons and yielded the highest counting rate. The counting rate as one extra channel labeled by a particular value of most central detector, D4, has the most shielding due to the i, the entire data set is represented as a set of Ni. From (1), surrounding detectors and yielded the lowest counting rate. However, the complex shielding geometry makes interpretation of the single-detector counting rates difficult, because they do not correspond direcfiy to incident flux. We have therefore performed laboratory calibrations using an identical telescope to allowing for a channel dependent livetime xi, The set of Nt can also include data from other detectors by those flown on the two Voyager spacecraft. Results from D1 will integrating the appropriate response functions. The data analysis be of primary concern due to that detectors higher sensitivity, consists of inverting (2)to find j(E,ot). although the calibration olD2 will also be of interest. D1 has the The extent to which j(E,ot) can be resolved by R•(E',O) from additional advantage of providing pulse height analysis of a small the data, Nt, is determined by the extent to which R approximates fraction of its recorded events, and these will be essential in a delta function corresponding to the stopping energy of the deriving spectral information. electron. At higher energies more of the electrons penetrate the The aim of the calibrations is to allow a calculation of the detector, resulting in a peak in R corresponding to minimum electron differential intensity, j(E,ot), which is a function of ionization that is essentially independent of electron energy. As a kinetic energy, E, and pitch angle, or. Here we assume that the result, the spectral sensitivity of (2) is limited to E' <_ 2.5 MeV. the angle from the TET telescope axis to the local magnetic field, and tabulated the solid angle integrations at these values. The fit were included in the fit because of the energy loss in the passive procedure then uses a linear interpolation between the tabulated shielding around the detector and the additional information values. The results of the integrations are close enough to linear contained in the integral counting rates. The energy range, and with respect to n and 08 for this procedure to provide accurate how well j is approximated by a power law, are found from a results. In addition, we have made corrections to the simulated direct inversion. By discrefizing j, (2) converts into a simple data for the effects of detector deadtime and pulse pileup which linear matfix equation which we solve using the generalized are described in the appendix.
inverse approach of Tarantola and Valette [1982] (the approach In applying the procedure described above to a data set taken strictly applies only to least squares problem but is adequate for by CRS near a single point in space, the anisotropy parameter, n, the present purpose). One spectrum is fit using the pitch angle is generally not constrained. That is, the uncertainty in n is dependence from the inbound/outbound power law fit. To unacceptably large due to the nearly omnidirectional nature of the constrain the inversion, the best fit power law is used as prior detector response functions. We have therefore chosen to information with an arbitrarily large uncertainty (typically 100 %) simultaneously fit two data sets taken at the same L value during and some correlation between adjacent points is also included. the inbound and outbound portions of the spacecraft trajectory, The procedure is illustrated in Figure 3 . Points on the spectral fit assuming that the values of the three fit parameters are constant where the error bars are small compared with the prior value are on a given L shell. The value of n is then constrained by the said to be well resolved. These occur between energies of-0. 
Phase Space Densities
The phase space density is useful for considering the sources, sinks and diffusive transport of electrons. It is related to the differential intensity by f (r,p) = j(E,o0 t' a
where r is position, p is momentum and p = Ipl. Equation (7) is also appropriate, within a constant, to the density in a space of the replaced by L and then (7) and (8) ,,{,,,,,,,,,I,,,,,,,,,I,,,{,,,,,I,,,,,,,,,I,,,,,,,,,I,,,,,,,,,I,,,,, The an are the amplitudes of the pitch angle eigenmodes which, if x is independent of x, diffuse independently. The • are couples diffusion in the different eigenmodes and causes the higher order modes to be excited. Thus high order eigenmodes will have their largest amplitudes in the absorption regions and pitch angle diffusion can then act as a source of particles at intermediate pitch angles. However, the higher order modes also have shorter lifetimes so that satellite absorption increases the net inverse lifetimes of the eigenmodes which decay faster with loss of particles by precipitation. increasing n. If pitch angle diffusion were the only process Given forms for the diffusion coefficients and lifetime x, the occurring then, because all of the •, are positive, the eigenmode radial equation (16) show only a shallow minimum, are not expected to be reproduced A solution with radial diffusion, pitch angle diffusion and by the data in this region. satellite sweeping is shown in Figure 12b . The steeper radial The necessity for a source term in the bimodal diffusion variation than the previous case is due to the finite lifetime of the equation (14) observed 7 = 6. Therefore y • < 1 for all y, but the condition of nearly elastic scattering is strictly satisfied only at small •y (small pitch angles). Since pitch angle diffusion requires that each individual Ax be small, the energy changes in each scattering event are also small relative to the total energy. These results show that energy diffusion may be a plausible source of energetic electrons, but a detailed calculation will require solutions of the full three-dimensional diffusion equation, including the crossdiffusion terms for resonant wave particle interactions. The observed hardening of the energy specmnn (decrease in 7) at L = 7.15 in Figure 15 , and softening immediately outside, may provide a test of such a model. An order-of-magnitude estimate of the energy diffusion coefficient due to whistler mode turbulence has been given by Kennel [1969] . The equivalent coefficient for diffusion in speed v is related to the pitch angle diffusion coefficient by Figure 6 ), so that a high K displacement in the dominate the losses by satellite absorption. The wave intensities Umbriel signature would not be well represented in the data. The therefore still appear to be inconsistent with the existence of counting rate data also show outward displacements of the absorption features in the particle data. In fact, the radial and Miranda signature at high K, but the phase space density analysis pitch angle diffusion coefficients, or equivalent source strengths, cannot be extended to this region with the CRS data. The estimated in the present work are near the upper limits of those displacement of the Ariel signature can be reproduced in the compatible with the observed particle absorption features. solutions of the diffusion equation if a sufficiently strong source is The existence of a definite particle sink due to satellite included, and in that case its dependence on K is a result of the absorption, with strong variations in the sweeping rate as a similar dependence of the absorption efficiency. These models function of L and equatorial pitch angle, produces distinctive imply that the existence of local minima in f is necessary to features in the particle distribution function. These have led to produce the offsets which were observed directly in the raw data, conclusions about diffusion in the radiation belt of Uranus which thereby supporting the conclusion that a local electron source is would not be available in the absence of the satellites. The entire D1 calibration, integrated over 0, is displayed in Figure A2 . R is plotted versus both E and E '. We have used a -10 -s s -• that is sufficient in the model we have presented. It may be that the low value applies away from the Ariel region. Larger smoothing procedure in the E direction and a cubic s line wave amplitudes are expected in the vicinity of the satellite absorption, where the highly anisotropic electron distributions may be unstable to whistler growth. The reason that only a small value of the pitch angle diffusion coefficient is required to produce the observed pitch angle distributions is that the derived radial diffusion coefficients are also small, so that the high-order pitch angle eigenmodes that are excited in the absorption regions have time to decay while the particles have diffused only a short radial distance. Localized enhancements of pitch angle diffusion in the absorption regions may increase the possibility that the source required to explain the phase space density minima is a result of inelastic pitch angle scattering.
The large pitch angle diffusion coefficients estimated from the wave data would lead to fast precipitation losses of radiation belt particles and require a similarly strong source to replenish them. This is true for particles at energies where no extrapolation of the estimated diffusion coefficients is required as well as at the CRS energies. Fast radial diffusion could replenish the precipitation losses but would be incompatible with the radial diffusion coefficients derived from the particle data. Coroniti et al. [1987] suggest that this problem can be overcome by a source due to To characterize the properties of D1 and D2 as omnidirectional integral flux detectors, Figure A3 shows the two respome Pileup Correction functions integrated over 0b and observed energy, E. The y axis Another effect which occurs at high counting rates is pulse is labeled Afl because it represents an energy dependent pileup, whereby two or more events which occur within the geometry factor. That is, A fl(E ')j (E')dE' is the counting rate amplifier pulse width add and become a single event at higher for electrons in the energy range between E' and E'+dE'. We amplitude. The correction of true rates for pulse pileup is see from the slope of the curves at low energies that the detectors difficult, but fortunately it is usually small. We have developed do not have a well-defined energy threshold. Instead, their an analytic approach which we have checked by Monte Carlo sensitivity is an increasing function of the electron energy. The simulations. When the correction is small the analytic results are D2 geometry factor is lower than that of D1 primarily due to the acceptable. We approximate the pulse shape by a square pulse of shielding of D2 by D1. width x = 2 gs (the amplifier shaping time). The probability of no The satellite sweeping lifetime, Xss, is the inverse probability of absorption per unit time averaged over many satellite orbits. In
